Gastric cancer (GC) is the fourth most common malignant tumor worldwide and the second leading cause of cancer mortality. Over 70% of cases occur in developing countries, such as Brazil. 1 In 2012, it is estimated that there will be 20,090 new cases of stomach cancer in Brazil. 1 The State of Pará, in northern Brazil, has mortality rates that are above the national average, 2 and its capital, Belém, is among the capitals with the highest number of cases per capita in the world.
Introduction
The identification of biomarkers indicative of cancer risk and prognoses would increase the ability to predict the behavior of tumors and would establish more accurate therapeutic approaches. 10 Cancer research emphasizes the identification of biomarkers capable of selecting high-risk populations and other potential therapeutic targets. These biomarkers include miRNA expression profiles 11, 12 that are potentially useful to the detection and monitoring of tumors including GC. The potential biomarkers exhibit the appropriate biomarker 1, 4 , samia demachki 4, 5 , monica assumpção 1, 6 , Paulo assumpção 4, 6 and Ândrea ribeiro-dos-santos characteristics, such as high sensitivity, robustness, reproducibility, specificity, and possible clinical use by minimally invasive means. 13 MicroRNAs (miRNAs) are more resistant to degradation than messenger RNA (mRNA) and can be detected in fresh, fixed, or frozen tissue samples and in the peripheral blood. They can also contribute to personalized treatment because they are linked to polymorphisms of different populations or individuals.
High-Throughput Sequencing of miRNAs Reveals a Tissue Signature in Gastric Cancer and Suggests Novel Potential Biomarkers
14 Over 2,200 miRNAs have been identified in humans, which may regulate more than 60% of protein-coding genes. A single miRNA can pair with multiple mRNA targets and still be targeted by other miRNAs. They are characterized by variable expression in cells and tissues, which is influenced by differences in the cellular stage and stress. miRNAs also behave as central regulatory molecules in the mechanisms of ontogenesis, differentiation, carcinogenesis, and immune response. 15 Improved understanding of miRNAs in GC could lead to novel prevention strategies, early detection, and improved therapeutics. Data from the literature indicate different expression levels of several miRNAs in GC. [16] [17] [18] [19] [20] Studies have reported consistently the oncogenic activity of miR-21 by suppressing the expression of PTEN or PDCD4. 21, 22 Furthermore, miR-21 upregulation has been associated with lymph node metastasis in GC patients. 23 miR-106b was also consistently reported as an upregulated miRNA in GC and associated with lymph node metastasis. 24, 25 Recently, Shiotani et al. 26 suggested that the combination miR-106b with miR-21 may provide a novel and stable marker of increased risk for early GC after H. pylori eradication.
These results suggest that miRNAs may have clinical applications in the management of GC, in the assessment of the risk of recurrence and/or metastasis, and in the therapeutic strategy. [27] [28] [29] [30] However, the preliminary miRNA expression results must be confirmed and consolidated prior to their clinical applicability. It was observed that the miRNA signatures in GC differ among the various published studies; thus, the same miRNA may exhibit contrasting results. The authors must advise caution about the experimental conditions, such as sensitivity and specificity of the miRNA detection methods and, consequently, the reliability, validity, and interpretation of the signatures. 31, 32 The identification of a signature that can define candidate miRNAs requires a comprehensive and systematic approach to the expression profiles and functions of these elements. 15 In 2010, the specific and differentiated profile of the miRnome from normal cardia gastric tissue was demonstrated for the first time by ultradeep sequencing. 11 In 2014, the miRNA expression profile for the human gastric antrum region using ultradeep sequencing was revealed. 12 Aiming to providing more information on the expression pattern of GC-associated miRNAs in different samples of GC, we performed the miRnome ultradeep sequencing of four GC adenocarcinoma samples and one sample of gastric antrum without tumor. The findings were validated in additional samples of tumors and nontumor gastric tissues by quantitative real-time polymerase chain reaction (qRT-PCR).
Methods biological material.
Five fresh tissue samples obtained from surgical dissection were investigated by ultradeep sequencing: four samples of GC (T1N0, T1N1, T4N1 intestinal type, and T1N0 diffuse type) and one sample from the antrum of a patient without GC. 12 The samples were collected from patients treated at the João de Barros Barreto Hospital/ Federal University of Pará, Brazil. Immediately after resection, the surgical specimens were analyzed by a pathologist, and a fragment from each sample was selected for the experiment in parallel with routine histological evaluation. These samples were frozen at -170 °C and stored separately in liquid nitrogen, according to the standard procedure, for subsequent miRNA extraction.
For miRNA qRT-PCR validation, 11 samples of tumor gastric and 11 gastric tissues without cancer were used. All 22 samples were collected using paraffin blocks from patients treated at the João de Barros Barreto Hospital.
clinical data collection. Clinical and anatomopathological patient data were obtained directly from the records using the Lauren histological classification and staging according to the classification of the 7th edition of the pathological TNM staging (UICC/International Union Against Cancer).
ethics statement. The ethical principles of the Declaration of Helsinki were followed, and written informed consent was obtained from all patients. The study was approved by the Research Ethics Committee (REC) of the João Barros Barreto University Hospital (Protocol number 14052004/HUJBB).
soLid ultradeep sequencing. The SOLiD (version 4.0 plus) sequencing system (Life Technologies) was used to generate reads that were 35 bp long. In the second step, the barcodes were decoded to match each read sequence with the identity of the sample. The small RNA sequence data from the gastric tissue without cancer are available at the European Nucleotide Archive under accession number ERP004687, and the sequences from the four GC tissues are available under accession number ERP007267. EPR004687 was previously analyzed. 12 The read datasets were approximately 1.1 million reads with 19% of bases at QV .20 for barcode 4; 31.2 million and 30% of bases at QV .20 for barcode 6; 22.1 million reads with 18.8% of bases at QV .20 for barcode 7; and 35.5 million reads with 21.1% of bases at QV .20 for barcode 9. Sequence analysis was performed using the SOLiD System Small RNA Analysis Tool (Life Technologies) and a miRanalyzer. 12 First, a preprocessing pipeline was used to filter out low-quality reads, to trim the 3' ends, and to remove sequences that matched RNA contaminants, such as tRNA, rRNA, DNA repeats, and adaptor molecules. After the preprocessing steps, the reads were 25 bp in length and the percentage of bases at QV .20 was 69.8%, 78.3%, 70.1%, and 35.5% for barcode 4, barcode 6, barcode 7, and barcode 9 datasets, respectively. After excluding the contaminant reads, we aligned all of the sequences against the miRNA precursor sequences (miRBase -release 19) and included in the results only the reads that matched the mature miRNA sequences. The number of reads that were mapped uniquely and unambiguously against the mature miRNA sequences (miRBase -release 19) was 42,565, 33,665, 618,120, and 58,335 for barcodes 4, 6, 7, and 9, respectively. The coverage was analyzed based on the miR size, the percent of GC, and the expression level. The global average was approximately 628x, and the miRs of lengths 21, 22, and 23 nt had the highest sequencing coverage at approximately 1641, 4454, and 1342x, respectively. The miRs with lower size (15-20 nt) had a coverage of 3.5x and the miRs of higher size (24-27 nt) had a coverage of 22.4x. Regarding the GC content, the miRs with 30%-50% GC content had an average sequence coverage of 200x, those with 60%-70% had a GC content at 5.6x, and the other classes were lower than 2x. For describing the expression value, three levels are defined as low expressed (100 reads or lower mapped), medium expressed (100-500 reads), and highly expressed (500 or more reads). For all the miRs observed in the five conditions (control and four cancer tissues), the distribution was 348 miRs at the low level, 49 at the medium level, and 40 at the high level. For further comparison, the expression value of each miR was normalized (RPKM).
mirNA qrt-Pcr (validation). To extract the miRNAs from each sample, a high purity miRNA isolation Kit (Roche) was used. The solutions were quantified using the Qubit® 2.0 Fluorometer (Invitrogen) and diluted to a final concentration of 4 ng/μL. Then, the cDNA was obtained using TaqMan® MicroRNA Reverse Transcription Kit (Life Technologies), and the Quantitative Real-Time PCR reaction was performed using the TaqMan® MicroRNA Assays in a 7500 Real Time PCR system (Life Technologies) with TaqMan miRNA assays according to the manufacturer's instructions (Life Technologies) using primers designed by Primer Express (Life Technologies). The mean expression level of three human endogenous controls (Z30, RNU19 and RNU6B -calibrators) was used as an internal control in all of the miRNA experiments to allow the comparison of expression results. The relative miRNA expression levels were then calculated by a comparative threshold cycle (Ct) method (2 -∆ct ). data analysis. Before performing the differential analysis on the SOLiD sequence data, the miRNAs with low expression (,10 reads) were filtered out. Then, the betaBin model 33 was used. The miRNA count was normalized (RPKM), and the fold change was obtained for each miRNA comparison. The miRNAs were tagged as differentially expressed if they met the following criteria: (i) a minimum of 10 reads mapped per miRNA in at least one sample; (ii) a P-value ,0.0002 after a Bonferroni correction to the multiple testing problem [34] [35] [36] ; and (iii) an expression greater than a fivefold change (.5 or ,0.2). 37 The result is presented as a volcano plot. In addition, a heat map was created using the normalized log 10 miRNA expression value. For the above analyses, the R statistical environment (http://www.r-project.org/) was used.
The qRT-PCR, statistical analyses were performed in the SPSS v.12 software, using a paired Wilcoxon-MannWhitney test, considering a P-value of ,0.01 for statistically significant results.
results
The total read counts for the different tissues were as follows: (i) 31 million reads in the intestinal T1N0 GC; (ii) 22 million reads in the intestinal T1N1 GC; (iii) 1 million reads in the intestinal T4N1 GC; (iv) 35 million reads in the diffuse T1N0 GC; and (v) 618 thousand reads in the antrum without tumor tissue. 12 The total mature miRNAs were as follows: (i) 245 mature miRNAs in the intestinal T1N0 GC; (ii) 410 mature miRNAs in the intestinal T1N1 GC; (iii) 253 mature miRNAs in the intestinal T4N1 GC; (iv) 372 mature miRNAs in the diffuse T1N0 GC; and (v) 148 mature miRNAs in the antrum without cancer tissue.
12 Figure 1 shows the cumulative distribution of the miRNA relative expression in descending order for all tissues sequenced.
Several mature miRNAs exhibiting statistically significant expression differences even after Bonferroni correction to the multiple testing problem (P , 0.0002 and fold changes .5 or ,0.02) were found among the GC tissues when compared with the antrum without cancer tissue (Fig. 2) .
The miRNA hsa-miR-29c was able to discriminate normal antrum from GC tissue because it was differentially expressed in every tumor sample compared to the antrum sample without tumor. These results were validated by qRT-PCR.
Additionally, we identified other highly expressed miRNAs such as has-miR-135 and hsa-mir-215, which were significantly upregulated, and miRNAs hsa-mir-204, hsamir-664, hsa-mir-150I, and hsa-mir-148a, which were found to be downregulated (Table 1 ). Figure 3 shows a heat map comparing the normalized expression of all the selected miRNAs.
To elucidate the possible pathways of the miRNAs described, data from both the TargetScan dataset 38 and microRNA.org 39 were used by the targetCompare 40 tool to identify simultaneous putative target genes. Table 2 presents 13 putative genes that are simultaneously targeted by up to two miRNAs that are described as downregulated in at least two GC samples.
qrt-Pcr. Among the selected differentially expressed miRNAs, we investigated miRNAs with higher absolute values of read counts and that already had been described in other works as differentiated in cancer. According to this criterion, hsa-miR-135b and hsa-miR-29c were selected for validation.
The high-throughput sequencing results for hsa-miR-135b and hsa-miR-29c were validated using singleplex qRT-PCR to determine their expression levels in 11 tumor gastric samples and 11 gastric tissues without cancer. The results of the 22 samples by qRT-PCR analysis confirmed the findings of both miRNAs identified as being differentiated by the SOLiD platform. They were also significantly differentiated when compared to the expression levels of endogenous Z30 (P-value , 0.001, Fig. 4 ).
discussion
On analyzing the relative expression for each miRNA, we found that the expressions in all GC tissues are highly concentrated in several miRNAs such that less than 20 miRNAs account for approximately 80% of the total expression (Fig. 1) . This result corroborates the antrum miRnome expression profile 12 and could suggest that the miRNA expression in Note: Cells with a (-) value indicate that no significant difference in expression between the samples and the control sample were found.
tissues may follow a Pareto distribution, where several of the miRNAs are responsible for most of the miRNA expression in the tissue. The expression analysis determined that miRNAs hsamiR-29c and hsa-miR-135b were able to discriminate normal antrum from GC because they were differentially expressed in every tumor sample compared to antrum sample without tumor, regardless of the Lauren histological type.
The miRNA hsa-miR-29c was found to be downregulated in all four GC samples, regardless of the histological type (intestinal or diffuse), and these results were similar to those of other studies with GC. 27, 30 The RCC2 gene (also known as TD-60), regulated by hsa-miR-29c, is reported as a component of the chromosomal passenger complex, which is a crucial regulator of chromosomes, cytoskeleton, and membrane dynamics throughout mitosis. 30, 41 The GSTM3 gene, also regulated by hsa-miR-29c, was associated with the occurrence of GC. 42 Several studies have used qRT-PCR to quantify the expression of hsa-miR-29c in association with different types of cancer development. 43, 44 The qRT-PCR analysis corroborated the ultradeep sequencing results, where hsa-miR-29c was downregulated in all GC samples, showing its potential as a GC molecular biomarker.
The miRNA hsa-miR-135b was expressed in all four tumors examined, and it showed no expression in the antrum without GC, suggesting that this miRNA may be related to the occurrence of GC. Wang et al demonstrated an upregulation 
Note: hsa-miR-664a was excluded from the table due to the absence of a predicted target in both of the datasets used.
of hsa-miR-135b in GC tissues. 19 hsa-miR-135b showed higher levels of expression in colorectal cancer compared to healthy tissue. This miRNA was found to have altered expression in lung cancer and is supposed to regulate LATS2, NDR2, LZTS1, and BTRC. 45 Recently, hsa-miR-135b was associated with the regulation of genes frequently mutated in colorectal cancer, including TGFRB2, DAPK1, APC, and HIC. 46, 47 The miR-135b was predicted as a regulator of the c-KIT gene, closely associated with the development of gastrointestinal stromal tumors (GISTs), 48 and this miRNA also regulates other genes involved in cancer occurrence, such as CASP10. 49, 50 To obtain an integrated overview of the whole data, a simultaneous analysis of miRNAs targets was performed. This approach showed that several different genes might be regulated by up to two miRNAs described as downregulated in this investigation (Table 2 ). Many cellular functions are regulated by these target genes, including cell cycle control, cell motility, and cell migration, which indicates that these miRNAs may play a role in tumorigenesis.
The EPS15 gene, a putative target of all four miRNAs found as downregulated in GC, is involved in the EGFR pathway and may be useful as a prognostic marker for predicting GC behavior. 51 The DNMT3B gene, regulated by hsa-miR-29c and hsamiR-148a, has single nucleotide polymorphisms (SNPs) associated with a high risk of GC occurrence. 52 The SIRT1 gene, a target of hsa-miR-29c, hsa-miR-204, and hsa-miR-150, is a significant prognostic indicator for GC. 53 Other genes such as FCGR2A, MMP2, and PDGFRA are GC associated [54] [55] [56] and may also be the targets of hsa-miR-29c, hsa-miR-148a, and hsa-miR−150.
In silico target analysis revealed that 92 genes may be regulated by both hsa-miR-135b and hsa-miR-215. Among these potential targets, we highlight the LPP gene that was found to be deregulated in several benign and malignant tumors. 57 We also highlight BRWD1, which is involved in a variety of cellular functions, 58 and PPM1A that encodes a protein member of the PP2C family of Ser/Thr protein phosphatases. The overexpression of this phosphatase is reported to cause diverse downstream outcomes, such as cell cycle progression, apoptosis, differentiation, and migration.
conclusions
The high-throughput sequencing demonstrated that a restricted set of miRNAs are responsible for the majority of the miRNA expression in GC, providing a tissue signature. Additionally, we successfully identified two potential miRNA biomarkers (miR-135b and miR-29c) validated by qRT-PCR, capable of determining the occurrence of GC. These results open up new clinical applications and may be useful in providing individualized GC management.
